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Abstract:
Gold nanoparticles (AuNPs) possess unique physical and chemical 
properties such as electronic, photonic, and magnetic properties. These 
properties depend on the functionality of the stabilizing ligand and the size of the 
gold core.
Incorporating azo compounds onto the surface of AuNPs can provide a 
light responsive platform where its physical and chemical properties can be 
changed via isomerization of the azo moiety. In this dissertation the synthesis 
and characterization of an azopyridine modified gold nanoparticle (AzoPy-AuNP) 
is introduced. 1H NMR spectroscopy, TEM imaging, UV-vis spectroscopy and 
thermal gravimetric analysis have been used to characterize the AzoPy-AuNP. 
The trans/cis photoisomerization of the azo moiety and the coordination of 
pyridine moiety to a bulky molecule (zinc tetraphenylporphyrin, ZnTPP) 
anchored to the gold core is studied.
A very important size dependent property of AuNPs is their optical 
property. AuNPs larger than 3 nm have a strong absorption, so-called plasmon 
band, in the visible region. Facile synthesis of AuNPs of different sizes is still of 
great interest. Herein, photoinduced size evolution of 1-dodecanethiolate 
stabilized gold nanoparticles (C12-AUNP) in chlorinated solvents will be 
introduced. Irradiation of C 12-AUNP in oxygen free chlorinated solvents resulted 
in the liberation of the thiolate stabilizing ligand and coalescence of the gold core 
to larger particles. This is due to the photodegradation of the solvent and 
creation of radicals, chloride anion, and hydrochloric acid which all lead to the
liberation of the stabilizing ligand and coalescence of the AuNPs. The size 
evolution was tracked by both UV-vis spectroscopy and TEM imaging.
Keywords: 1-dodecanethiolate passivated gold nanoparticles (Ci2-AuNPs), 
azopyridine modified gold nanoparticles, trans/cis isomerization, coalescence of 
gold nanoparticles, and photodegradation of chlorinated solvents.
IV
Acknowledgments:
It is a pleasure to thank the many people who made this thesis possible.
I would like to express my gratitude to Dr. Workentin. With his enthusiasm, his 
inspiration, and his great efforts to explain things clearly and simply, he helped 
me through my career. He has been always supportive and understanding. 
Thank you Mark!
I wish to thank my lovely husband, Ali. He is always there when I need him to 
help me with chemistry. He was very patient when things didn’t work and I 
started complaining.
My dear friend and fellow labmate, Kristen, deserves my special thanks for all 
great and unforgettable memories we had. She eased the stress of graduate 
school for me with her happy face and helpful hand. I would miss the coffee 
breaks we had every day.
My good friends at UWO, Radu and Fatima for all good times we had. Thanks 
guys.
Finally yet importantly, I would like to thank my parents for their non-stopped 
support and inspiration to pursue my education.
v
Table of Content
Certificate of Examination ii
Abstract iii
Acknowledgments V
Table of Content v i
List of Figures X
List of Schemes xii












2.2.2. General Instrumentation 14
2.2.3. UV-Vis irradiation set up 15
2.2.4. Synthetic approach 15
2.2.4.1. C 12-AUNP 15
2.2.4.2. AzoPy-1 16









Photoinduced Coalescence of Thiol Passivated Gold Nanoparticles 




3.2.2. General Instrumentation 60
VII
3.2.3. Synthesis of C i2-A uNP 61
3.2.4. UV-vis irradiation set up 62
3.2.5. Sample preparation 62
3.3. Results and discussion 63
3.3.1. Preparation and characterization of AuNPs 63
3.3.2. Photolysis of 1.7 ± 0.5 nm C i2-AuNPs 67
3.3.3. The effect of radicals on C i2-AuNPs 72
3.3.4. The effect of hydrochloric acid on the C i2-AuNPs 75
3.3.5. The effect of chloride anions on C i2-AuNPs 79
3.3.6. More about photoinduced coalescence of C i2-AuNPs in chlorinated 
solvents 80
3.3.7. Photoinduced coalescence of C i2-AuNPs in deuterated chlorinated 
solvents 81
3.3.8. Irradiation of C i2-AuNPs through pyrex (\<  300 nm) 83











Figure 1. 1 A cartoon rendering the structure of a AuNP 1
Figure 1. 2 Creation of a dipole in AuNPs 4
Figure 2. 1 Reversible trans/cis isomerization of the azobenzene 8
Figure 2. 2 Chemical structure of the trans azopyridine (AzoPy) 8
Figure 2. 3 AzoPy equipped with a hinder bowl shape molecule and its 
coordination to ZnTPP based on trans/cis isomerization 9
Figure 2. 4 Chemical structure of the disulfide (CgAzSSC^) and Changes in 
the UV-vis spectrum of 13.5 ± 0.5 nm AuNPs stabilized with 
CeAzSSC^ during trans to cis isomerization 11
Figure 2. 5 Upon UV irradiation, photoactive AuNPs form metastable 
aggregates 12
Figure 2. 6 Chemical structure of A) AzoPy-thiol B) AzoPy-AuNP C) AzoPy-M 13
Figure 2. 7 A place exchange reaction 22
Figure 2. 8 1H NMR spectrum of C i2-AuNPs 24
Figure 2. 9 TEM image of C12-AuNPs (1.7± 0.5 nm) 25
Figure 2. 10 TGA result for 1,7 ± 0.5 nm C i2-AuNPs and AzoPy-AuNP 26
Figure 2. 11 1H NMR spectrum of AzoPy-AuNP and AzoPy-thiol 29
Figure 2. 12 1H NMR spectrum of AzoPy-M 30
Figure 2. 13 UV-vis spectrum of AzoPy-M and changes in the UV-vis spectrum 
of AzoPy-M during trans to cis photoisomerization 32
Figure 2. 14 Trans /cis photoisomerization of AzoPy-M 33
Figure 2. 15 Changes in UV-vis spectrum of cis AzoPy-M during irradiation with 
visible light 34
Figure 2. 16 Changes in UV-vis spectrum of cis AzoPy-M at room temperature 
and dark 35
Figure 2. 17 1H NMR spectrum of AzoPy-M before UV irradiation (trans isomer) 
after UV irradiation (mixture of trans/cis) 36
Figure 2. 18 Trans/cis isomerization of the AzoPy moiety of the AzoPy-AuNP 37
Figure 2. 19 Changes in the UV-vis spectra of AzoPy-AuNP during trans to cis 
photoisomerization 38
Figure 2. 20 Changes in UV-vis spectrum of cis AzoPy-AuNP at room 
temperature and dark 39
Figure 2. 21 Changes in UV-vis spectrum of cis AzoPy-AuNP during irradiation 
with visible light 40
Figure 2. 22 1H NMR spectrum of A) AzoPy-AuNP B) AzoPy-M, both after 
irradiation with UV light 41
Figure 2. 23 1H NMR spectrum of A) trans/cis AzoPy-M B) trans/cis AzoPy-M 
coordinated to ZnTPP 43
Figure 2. 24 1H NMR of trans/cis AzoPy-AuNP A) before and B) after addition of 
ZnTPP 45
Figure 3. 1 UV-vis spectrum of AuNPs smaller than ca. 3 nm (dashed line) and 
larger than ca. 3 nm (solid line) 51
Figure 3. 2 The structure of the AzoPy-AuNP 55
x
Figure 3. 3 Changes in the normalized UV-vis spectrum of AzoPy-AuNP 
during UV irradiation in chloroform 55
Figure 3. 4 Photoinduced solvent dependent changes in the core size of C12- 
AuNPs 56
Figure 3. 5 Changes in the size of AuNPs after irradiation with UV-C lamp and 
266 nm laser light 58
Figure 3. 6 A) 1H NMR spectrum of small C12-AuNPs (1.7 ± 0.5 nm), B) 1H 
NMR spectrum of C12-AuNPs after 3 hours irradiation in CHCI3.(7.2 
±1.4 nm) 65
Figure 3. 7 A) TEM image of small C12-AuNPs (1.7 ± 0.5 nm) and B) TEM 
image of C12-AuNPs after UV irradiation in CHCI3 for 270 minutes 
(7.2 ±1.4 nm) 65
Figure 3. 8 A) TGA Result of small AuNPs (1.7 ± 0.5 nm) B) TGA result of 
AuNPs after UV irradiation (7.2 ± 1.4 nm) 66
Figure 3. 9 A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation 
in CHCI3 (recorded in 30 min intervals) B) TEM image of C i2- 
AuNPs after 270 minutes irradiation in chloroform (CHCI3) 67
Figure 3. 10 A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation 
in CH2CI2 (recorded in 30 min intervals) and B) TEM image of C12- 
AuNPs after 270 minutes irradiation in CH2CI2 68
Figure 3. 11 A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation 
in CCI4 (recorded in 30 min intervals) and B) TEM image of C12- 
AuNPs after 270 minutes irradiation in CCI4 68
Figure 3. 12 A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation 
in benzene chloride (recorded in 30 min intervals) B) TEM image of 
C 12-AuNPs after 270 minutes irradiation in benzene chloride 69
Figure 3. 13 Normalized UV-vis spectrum of C12-AuNP in CHCI3 A) before and 
B) after kept in dark for 7 days and C) after 12 hours irradiation 
with 400 nm.
70
Figure 3. 14 Changes in normalized UV-vis spectrum of C12-AuNPs in 
chloroform during irradiation through pyrex (X> 300 nm) 71
Figure 3. 15 A TEM capture of a few AuNPs coalescing to bigger AuNPs 73
Figure 3. 16 TEM image of C12-AuNPs after 10 hours irradiation in CHCI3 in 
presence of a radical quencher 74
Figure 3. 17 Changes in the normalized UV-vis spectrum of C i2-AuNPs during 
irradiation in chloroform in presence of potassium carbonate 76
Figure 3. 18 Changes in the normalized UV-vis spectrum of C12-AuNPs during 
irradiation in chloroform in presence of pyridine 77
Figure 3. 19 Changes in the normalized UV-vis spectrum of C12-AuNPs in HCI 
saturated chloroform kept in the dark 78
Figure 3. 20 The TEM image of C12-AuNPs after irradiation in CD2CI2 82
Figure 3. 21 A) Changes in the normalized UV-vis spectrum of C12-AuNPs 





Scheme 2. 1 Synthetic approach to AzoPy-thiol and AzoPy-M 28
Scheme 3. 1 Photochemical degradation of chloroform 57
Scheme 3. 2 The proposed mechanism for the photoinduced size 
evolution of AuNPs in chloroform 59
Scheme 3. 3 Size evolution of C i2-AuNPs in presence of radials 73
Scheme 3. 4 Size evolution of C i2-AuNPs in presence of mild acid 75
Scheme 3. 5 Size evolution of C i2-AuNPs in presence of presence of 
chloride anion 79
Scheme 3. 6 Photoinduced coalescence of C i2-AuNP in the pyrex 83
XII
List of Appendices
Figure SI 2.1 [ 4-(Phenylazo)pyridine] derivatives equipped with a shuttlecock 
or bowl-shaped framework
90
Figure SI 2.2 Structure of the zinc (II) meso tetraphenylporphyrin (ZnTPP) 90
Figure SI 2.3 Reversible aggregation/ precipitation of AuNPs form upon UV and 
visible irradiation, respectively. Pictures on the left and on the 
right show the same vial before (red solution of free AuNPs) and 
after (clear solution with dispersed black powder of crystals). TEM 
images of examples of aggregates whose sizes were controlled 
by the times of UV irradiation. A-C were all soluble; large crystals 
like the one in D precipitated from solution. (Scale bars: A, 5 nm; 
B, 20 nm; C, 50 nm; D, 200 nm.) 91
Figure SI 2.4 UV/vis spectra of AuNP (left) and AgNP (right) films exposed to 
365 nm UV light for times varying from 0 to 10 s. In both cases, 
the red shift of the surface plasmon resonance (SPR) band is due 
to the aggregation of particles. Colors of the curves correspond to 
those observed in experiments. Images created in AuNP and 
AgNP films by 0.8 s exposure through a transparency photomask. 
The image in the AuNP film self-erases in daylight within 9 h. The 
image in the AgNP film is erased within 60 s by exposure to 
visible light.
92
Figure SI 3.1 The histograms calculated from the TEM images of C12-AuNP 
after 270 minutes irradiation in chloroform
93
Figure SI 3.2 The histograms calculated from the TEM images of C^-AuNP 
after 270 minutes irradiation in dichloromethane
93
Figure SI 3.3 The histograms calculated from the TEM images of C12-AuNP 
after 270 minutes irradiation in tetrachlorocarbon.
94
Figure SI 3.4 The histograms calculated from the TEM images of C12-AuNP 
after 270 minutes irradiation in benzene chloride
94
Figure SI 3.5 TEM image of C12-AuNP after 12 hours irradiation with X> 400 nm 
in CHCI3
95
Figure SI 3.6 UV-vis spectrum of chloroform (in the quartz cuvette) 95
Figure SI 3.7. 1H NMR spectrum of C12-AuNP after irradiation in chloroform in 
presence of pyridine
96
Figure SI 3.8 The histograms of the TEM images of C i2-AuNP after 270 
minutes irradiation in CDCI3
96
Figure SI 3.9 The histograms of the TEM images of C12-AuNP after 270 







Gold nanoparticles (AuNPs) exhibit novel optical, electronic, and catalytic 
properties, and attract considerable interest in a wide range of applications such 
as photonics, optical detection systems, information storage, diagnostics, and 
therapeutics.1'3 The size and shape of the nanoparticles and their stabilizing 
ligands are very important in these various applications.1,3,4
AuNPs are not simple spheres but rather faceted objects. The truncated 
octahedral structure of AuNPs consists of edge, vertex, and terrace. The AuNPs 
have two distinct packing regions of Au atoms; Au (100) on edge and vertex 
sites, and Au (111) on terrace sites.3 Figure 1. 1 shows a cartoon rendering of 
the structure of AuNPs.
vertex
Terrace
Figure 1.1. A cartoon rendering the structure of a AuNP
The surface of AuNPs is covered by stabilizing ligands which prevent the 
AuNPs from aggregating. Thiol stabilized AuNPs are one of the most studied
2
AuNPs .3,5’ 6 There is a strong gold-sulfur interaction, making AuNPs very stable 
after being coated (stabilized) with thiols. This results in AuNPs having good 
dispersibility and solubility in certain solvents such as benzene, toluene, 
chloroform, and dichloromethane.3 The reaction between the gold surface and 
thiols is surprisingly still the object of debate but it is thought to occur via the 
elimination of hydrogen from the thiol, resulting in a thiolate, while gold is 
oxidized to Au+.3 The nature of the bond between the thiolate and gold is still up 
for discussion, but the bond is strong enough to keep the thiol anchored to the 
gold surface at room temperature. The thiols at the (100) sites and defects are 
loosely bound to the surface and can be removed (most often by raising the 
temperature)7 or exchanged. The strategy of exchanging the stabilizing thiol 
ligand with the functionalized thiol of interest is called “ligand exchange or place 
exchange” 5,89 This technique is frequently used to modify the surface of AuNPs 
with the thiol of interest. Properties of AuNPs can be modified by introducing 
functionalized ligands onto its surface. Modifying the surface of AuNPs with 
different functionalities and studying their chemistry on the surface of AuNPs 
has been of a great interest.10'15
In chapter 2, modification of small AuNPs (1.7 ± 0.5 nm) with azopyridine 
thiol via place exchange will be introduced. The azo molecules are known to 
undergo a reversible photoinduced isomerization between two trans and cis 
isomers.16,17 These two isomers have different chemical and physical properties 
which can alter the properties of AuNPs when anchored to them.13, 18 The
3
photochemistry of the azo moiety and the coordination chemistry of the pyridine 
moiety on the surface of AuNPs will be studied.
Some properties of AuNPs, such as optical properties, are size 
dependent6, 19-21 When AuNPs larger than ca. 3 nm are exposed to an 
electromagnetic wave, the electric field associated with it moves the free 
electrons of the gold to one side of the particle building up a region of negative 
charges and causes a positive charge on the opposite side. This creates a 
dipole, which will oscillate at a certain frequency.3,21,22 Figure 1. 2 shows the 
creation of the dipole on AuNPs. The oscillation of the electron clouds is called 
plasmon. When the resonance frequency of the plasmon is the same as the 
electromagnetic radiation, that frequency is not allowed into the AuNP but 
instead is absorbed or scattered away very efficiently. The frequencies that 
AuNPs absorb is called a plasmon band.3 The position of the plasmon band 
depends on the size and shape of the particles. For spherical AuNPs larger than 
3 nm, the main plasmon frequency can be tuned from -500-550 nm. The origin 
of the purple-ruby color of AuNPs (> 3 nm) comes from this absorption­
scattering phenomena. Regarding the efficiency of this absorption, it is important 
to mention that even in low concentrations, AuNPs absorb enough to be 
detected.3, 23 AuNPs have applications in sensors and detectors due to this 
optical property.21,22,24-26 The charge separation in AuNPs smaller than 3 nm is 
not efficient thus these AuNPs do not posses a plasmon but instead scatter the 
light and appear brown in color.
4
Figure 1. 2. Creation of a dipoie in AuNP
In chapter 3, a facile and efficient method to increase the size of small 
AuNPs (1.7 ± 0.5 nm) to larger ones (> 3 nm) will be introduced. Photolysis of 
AuNPs in chlorinated solvents results in photodegradation27'29 of the solvent and 
size evolution of the AuNPs. This study might be of interest for those studying 
the photochemistry of chromophore functionalized AuNPs, because this study 
reveals that some solvents, such as chlorinated solvents, are not inert for 
studying the photolysis of AuNPs.
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Chapter Two:
Synthesis of azopyridine modified gold nanoparticles and its 
reversible photoisomerization behaviour
2.1. Introduction
Azobenzene and its derivatives represent one of the most widely studied 
photoresponsive systems because of their well-developed synthetic protocols 
and their unique photoisomerization properties.1,2 Azo compounds are known to 
undergo a reversible isomerization between the more stable trans and the less 
stable cis isomers around the N=N bond, in response to an external stimuli such 
as light or heat. The trans isomer, which is thermodynamically favoured, 
isomerizes to the cis form if exposed to UV light. This isomerization is reversible 
and the isomerization from the cis to trans occurs thermally or via absorption of 
visible light.1-4 The chemical structure of an azobenzene and its reversible 
trans/cis isomerization is shown in Figure 2. 1. Due to the different chemical and 
physical properties of these two isomers, including different molecular 
structures, absorption spectra, and dipole moments, azo compounds can be 
used for a wide variety of applications such as photomechanical responsive 
systems,5,6 optical switches,7'11 and data storage devices.12"14
trans azobenzene cis azobenzene
Figure 2.1. Reversible trans/cis isomerization of the azobenzene
Azopyridine, which bears a pyridine ring in place of one of the aryl rings of 
azobenzene, has been utilized in the field of coordination chemistry by means of 
its pyridine moiety.15'19 The chemical structure of an azopyridine (AzoPy) is 
provided in Figure 2. 2.
The coordination ability of azopyridine can be dependent on the isomer 
form (trans or cis), if two isomers experience different extents of hindrance.15,16, 
20 For example, Suwa and coworkers studied an AzoPy derivative bearing a 
bulky bowl shape framework (Figure SI 2.1), that allowed the pyridine moiety to 
protrude and coordinate in the trans form, but was hindered (by the bowl shape
N
Figure 2. 2. Chemical structure of the trans azopyridine (AzoPy)
9
framework) and inaccessible for coordination to a bulky molecule, such as zinc 
(II) meso tetraphenylporphyrin (ZnTPP), in the cis form15, 16 as is shown in 
Figure 2. 3. The structure of ZnTPP is provided in Figure SI 2.2.
Figure 2. 3. AzoPy equipped with a hinder bowl shape molecule and its coordination to 
ZnTPP based on trans/cis isomerization16 (Reprinted with permission from ref 16,
Copyright 2009 Elsevier)
Incorporation of light responsive molecules, such as AzoPy and its 
derivatives, into different materials like liquid crystals,18,21 polymers,17,20 self 
assembled monolayers (SAM ),22'24 and metal nanoparticles1,25,26 has attracted 
much interest. Photoisomerization of the molecules adsorbed on the surfaces of 
noble metal nanoparticles, such as gold nanoparticles (AuNPs), opens new 
possibilities for a variety of applications.
AuNPs have been studied because of their unique physical and chemical 
properties such as electronic, photonic, and magnetic properties.27'31 These 
properties of AuNPs are dependent on the size of the gold core and the nature 
of the stabilizing ligand, which covers the surface of the gold core and prevents 
AuNPs from aggregating.32'35 For instance, surface plasmon resonance (SPR or
10
plasmon band) which is a strong absorption in the UV-vis spectrum (~500- 550 
nm), is characteristic of AuNPs larger than ca. 3 nm in diameter. The intensity 
and the position of SPR depends on the size and shape of the AuNPs. As 
particles increase in size, a red shift (bathochromic shift) will be observed 
indicating the growth of the particle. Surface phenomena are governed by the 
outermost surface of the material.36 In the case of AuNPs, the outer most 
surface is the stabilizing ligand.34,37 Introducing different stabilizing ligands on 
the surface of AuNPs and studying the properties of the functionalized AuNPs 
has been widely investigated34, 38 Since light is an attractive external stimulus, 
many reports on light responsive AuNPs have been published to date.1,39,40 
Surface modification of AuNPs with reversible light responsive molecules opens 
up significant opportunities for their applications as optoelectronics or molecular 
switches.8, 41 Azo functionalized AuNPs has attracted the attention of many 
research groups because of its wavelength dependent trans/cis isomerization 
property.26,40,42,43
Incorporating azo compounds onto the surface of AuNPs can provide a 
light responsive platform where its physical and chemical properties can be 
changed via isomerization of the azo moiety. Studying photoisomerization of 
different sizes of AuNPs stabilized with different azo ligands revealed interesting 
results. Sedimentation of disulfide azobenzene stabilized AuNPs (5.2 ± 1.3 
nm)44 and thiol azobenzene stabilized AuNPs (13.5 ± 0.5 nm)36 via 
photoisomerization of the stabilizing ligand from trans to cis isomer has been 
reported. In Figure 2. 4, the chemical structure of the disulfide (CeAzSSC^)
11
used to stabilize AuNPs (13.5 ± 0.5 nm) and changes in the intensity of the 
plasmon band of the AuNPs during trans to cis isomerization is shown.36 As 
CeAzSSC i2 isomerizes from trans to cis, the intensity of the plasmon band of the 
AuNPs decreases due to the photoinduced coagulation and precipitation of the 
AuNPs .36'44
(A)
~C12H24 S — S —C12H25
CgAzSSC-)2
Figure 2. 4. A) Chemical structure of the disulfide (C6AzSSC12) and B) Changes in the UV- 
vis spectrum of 13.5 ± 0.5 nm AuNPs stabilized with CsAzSSC12 during trans to cis 
isomerization.36 (Reprinted with permission from ref 36, copyright 2008 Elsevier)
The trans-+cis photoisomerization of thiol azo benzene stabilized gold 
nanorods43 and gold nanoparticles (5.6 nm40 and 33 nm) resulted in red shift of 
plasmon band which is indicative of the aggregation of gold particles to bigger
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sizes (Figure SI 2. 3) 40,43 Creatively, Grzybowski and coworkers demonstrated 
that reversible photoisomerization of azobenzene derivatives on gold or silver 
nanoparticles induces a change in the aggregation state of the particles (Figure 
2. 5) and consequently a colour change of nanoparticles from red to blue, 
leading to the development of self-erasable rewritable media (Figure SI 2. 4).26
Figure 2. 5. Upon UV irradiation, photoactive AuNPs form metastable aggregates 
(Scale bar in TEM images is 100 nm). 6 (Reprinted with permission from ref 26, copyright 
2009, Angewandte Chemie International Edition)
To the best of our knowledge, there is no report on azopyridine stabilized 
small AuNPs (1.7 ± 0.5 nm). In this report, we will introduce the first example of 
azopyridine thiol stabilized AuNPs in detail. The structure of the AzoPy of 
interest, AzoPy-thiol, is provided in Figure 2. 6A. The thiol moiety is necessary to 
anchor the ligand to the surface of the AuNPs to produce AzoPy decorated 
AuNPs (AzoPy-AuNP). The structure of AzoPy-AuNP is shown in Figure 2. 6B. 
A  model AzoPy, AzoPy-M, will be used to compare the properties of the azo 
moiety anchored to the surface of the gold (AzoPy-AuNP) to the free one 
(AzoPy-M). The chemical structure of AzoPy-M is shown in Figure 2. 6C. The 
photoisomerization (trans-+cis) of azopyridine (AzoPy-M), and azopyridine
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anchored to AuNPs (AzoPy-AuNP) as well as changes in the solubility and 
dispersity of AzoPy-AuNP from changes in isomerization state (trans/cis) of its 
stabilizing ligand will be studied. The pyridine moiety can provide a versatile 
coordination platform that can be used to further functionalize the surface of 
AzoPy-AuNPs via coordination.26, 45 Coordination to a bulky molecule, such as 
ZnTPP, in trans and c/s form of AzoPy-M and AzoPy-AuNP will be studied.
SH
B) AzoPy-AuNP C) AzoPy-M




Zinc (II) meso tetraphenylporphyrin (ZnTPP), 1-dodecanethiol, hydrogen 
tetrachloroaurate (III) (HAuCU), tetraoctyl ammonium bromide (TOAB), 1,12- 
dibromododecane, 1-bromododecane, potassium thioacetate, and 4-amino 
pyridine were purchased from Aldrich and used as received. Deuterated 
benzene (C6D6), deuterated DMSO (DMSO-cfe) and deuterated chloroform 
(CDCb) were purchased from Aldrich and used as received. Phenol was re­
crystallized from diethyl ether.
2.2.2. General Instrumentation
1H and 13C NMR spectra were recorded on either a Varian Mercury 400 or 
Varian Inova 400 (1H NMR; 400 MHz, 13C NMR; 100 MHz) in CDCI3, C6D6, or 
DMSO-cfe solution and are reported in parts per million (ppm), with the residual 
solvent resonance used as a reference; CDCI3 (7.26 ppm), C6D6 (7.15 ppm), 
DMSO-cfe (2.50 ppm). Mass spectra and high resolution mass spectra (HRMS) 
were recorded on a MAT 8400 Finnegan High resolution Mass spectrometer. 
UV-Vis spectra were done on Varian Cary 100. Infrared spectra were recorded 
on a Bruker Vector 33 FTIR spectrometer and are reported in wavenumbers 
(cm'1). Transmission electron microscopy (TEM) images were collected on a
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carbon formvar grid and a Phillips CM 10 microscope operating at 80 kv with a 
40 pm aperture.
2.2.3. UV-Vis irradiation set up
A  rayonet photo box with black lamps (UV-A: 320- 420 nm) was used to do 
photolysis studies. In order to filter any undesired light, a UV pass and a 400 nm 
cut off filter was used to have ca. 350 nm and >400 nm light, respectively. 
Samples were irradiated in pyrex cuvettes and saturated with nitrogen prior to 
photolysis. To study the photolysis of samples using 1H NMR spectroscopy, 
samples were dissolved in deuterated benzene in a pyrex NMR tube and 
nitrogen saturated prior to irradiation. Samples were transferred to the NMR 




Following the procedure of Brust-Schiffrin method to prepare 1.7 ± 0.5 nm 
AuNPs, hydrogen tetrachloroaurate (III) trihydrate (0.30 g, 0.77 mmol) was 
dissolved in 28 mL distilled water (resulting in a bright yellow solution) and then 
mixed with tetraoctylammonium bromide (2.3 g, 4.2 mmol) in 70 mL toluene. 
The content was stirred for 30 minutes at room temperature to facilitate the 
phase transfer of the hydrogen tetrachloroaurate (III) trihydrate into the organic
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layer. After phase transfer, the aqueous layer was removed and the organic 
layer was cooled to 0 °C in an ice bath. 1-dodecanthiol (0.47 g, 0.57 mL. 2.3 
mmol) was added to the solution via a volumetric pipette and allowed to stir for 
10 minutes. The addition of 1-dodecanthiol resulted in a color change from red 
to colorless. A fresh solution of sodium borohydride (0.33 g, 8.7 mmol) in 28 mL 
water was then added to the rapidly stirring toluene solution over 5 seconds. 
The solution darkened instantly to black. The mixture was allowed to stir for 15 
hours as it warmed gradually to room temperature. The aqueous layer was 
removed and the organic layer was washed with distilled water (3x20 mL) and 
dried over MgS04. The toluene was then isolated by gravity filtration. The 
solvent was removed under vacuum to dry. The resultant black solid was 
suspended in 200 mL of 95% ethanol and placed in the freezer for 15 hours to 
precipitate the crude C i2-AuNPs. The crude C i2-AuNPs were collected and 
dissolved in dichloromethane and concentrated to form a thin film of crude 





drop wise to a solution of 4-aminopyridine (6.0 g, 64 mmol) dissolved in a 7.3 N 
HCI solution (45 mL) at 0 °C. The reaction mixture was adjusted to pH=7 by 
adding a NaOH 10% (w/w) aqueous solution which led to the formation of an 
orange precipitate. The orange precipitate was collected by vacuum filtration 
and washed with water (3x20 mL). No further purification was needed. 1H NMR 
(DMSO-cfe, 25 °C, 6 ppm): 10.60 (broad, 1H), 8.77 (d, 2H, J=8 Hz), 7.87 (d, 2H, 
J =8 Hz), 7.68 (d, 2H, J=8 Hz), 6.97 (d, 2H, J=8 Hz).
2.2.4.3. 1-Bromododecane 12-thioaceate
1,12-dibromododecane (6.0 g, 18 mmol) and potassium thioacetate (2.1 g, 
18 mmol) were dissolved in 250 mL dry THF and heated to reflux for 5 hours. 
After cooling to room temperature, the solvent was evaporated under reduced 
pressure. The crude product was purified using column chromatography (1:1 
CH 2CI2: hexane) to obtain the pure compound in 50% yield. 1H NMR (CDCI3, 25 
°C, 5 ppm): 3.41 (t, 2H, J=4 Hz), 2.86 (t, 2H, J=4 Hz), 2.33 (s, 3H), 1.85 (quintet, 
2H, J=4 Hz), 1.56 (q, 2H, J=4 Hz), 1.42 (m, 2H), 1.26 (m, 14H). 13C NMR 
(CDCI3, 25 °C, 5 ppm): 196, 162.9, 157.4, 151.2, 146.6, 125.6, 116.1, 114.8, 
68.5, 30.6, 29.5, 29.1,28.8, 25.9.
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2.2.4.4. AzoPy-2
AzoPy-1 (0.20 g, 1.0 mmol), 1-bromododecane 12-thioaceate (0.32 g, 1.0 
mmol), K2C 0 3 (0.18 g, 1.3 mmol) and potassium iodide (80 mg, 0.50 mmol) 
were dissolved in 50 mL dry DMF and heated to reflux for 8 hours. After cooling 
the solvent was removed under vacuum, the crude product was dissolved in 
dichloromethane and the organic layer was washed with distilled water (3 1̂0 
mL). The organic layer was isolated and evaporated. The product was further 
purified on a chromatographic column (3:1, hexane: ethyl acetate) to obtain a 
yellow crystalline product in 75% yield. 1H NMR (CDCI3, 25 °C, 5 ppm): 8.78 (d, 
2H, J=8 Hz), 7.96 (d, 2H, J=8 Hz), 7.68 (d, 2H, J=8 Hz), 7.03 (d, 2H, J=8 Hz),





A nitrogen saturated solution of basic EtOH (20 mg NaOH in 15 ml_ 
ethanol) was added drop wise to the nitrogen saturated solution of AzoPy-2 
(0.12 g, 0.25 mmol) in 50 ml_ EtOH. After stirring the mixture at room 
temperature for 1 hour, 50 ml of nitrogen saturated distilled water was added to 
the mixture and the crude product was extracted with dichloromethane (3*20 
mL). The organic layers were combined and the solvent was removed under 
vacuum to give the crude product which was purified by column chromatography 
(1:1 hexane: ethyl acetate) to give a pure crystalline yellow product in 85% yield. 
1H NMR (CDCI3, 25 °C, 5 ppm): 8.75 (d, 2H, J=8 Hz), 7.92(d, 2H, J=8 Hz), 7.64 
(d, 2H, J=8 Hz), 6.98 (d, 2H, J=8 Hz), 4.01 (t, 2H, J=8 Hz), 2.49 (m, 2H), 1.79 
(m, 2H), 1.58 (m, 2H), 1.34 (t, 1H), 1.28-1.37 (m, 14H). 13C NMR (CDCI3, 25 °C, 
5 ppm): 162.7, 157.2, 151.1, 146.5, 125.5, 116, 114.7, 68.3, 33.9, 29.42, 29.41, 
29.37, 29.2, 29.01, 28.99, 28.94, 28.2, 25.8, 24.5 ppm. UV-vis spectroscopy: 
m̂ax= 354 nm (s= 1.5* 104). IR (drop cast on NaCI/ cm'1): 2919, 2850, 1601, 
1583, 1498, 1467, 1405, 1254. MS (m/z, % abundance): 399.3 (M+, 100),
366.3(10), 306.3(7), 274.3(7), 239.1(25), 200.1(27), 185.1(30), 121.1(25), 
85.9(35), 83.9(53). Exact Mass (C23H33N3OS): 399.2338 Calcd.: 399.2344
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2.2.4.6. AzoPy-M
1-Bromoundecane (0.37 g, 1.6 mmol), AzoPy-1 (0.30 g, 1.5 mmol), and 
potassium carbonate (0.23 g, 1.6 mmol) were dissolved in 50 ml_ dry DMF and 
heated to reflux for 8 hours. After cooling, the solvent was removed under 
vacuum. The crude product was dissolved in 50 mL dichloromethane and 
washed with water (3x20 mL). The organic layer was isolated and the solvent 
was removed under vacuum. The product was purified by column 
chromatography (3:1, hexane: ethyl acetate) to obtain a pure yellow crystalline 
product with 80% yield. 1H NMR (CDCI3, 25 °C, 5 ppm): 8.78 (d, 2H, J=8 Hz), 
7.96 (d, 2H, J=8 Hz ), 7.68 (d, 2H, J=8 Hz), 7.03 (d, 2H, J=8 Hz), 4.07 (t, 2H, 
J=8 Hz), 1.83 (q, 2H, J=8 Hz), 1.48 (m, 2H), 1.28-1.37 (m, 14H), 0.89 (t, 3H, J=8 
Hz). 13C NMR (CDCI3, 25°C, 5 ppm): 162.9, 151.2, 146.7, 125.6, 116.1, 114.8, 
68.5, 41.9, 31.9, 29.6, 29.6, 29.5, 29.3, 29.1, 26, 22.7, 14.1. UV-vis 
spectroscopy 7^^= 356 nm (e= 1.6* 104). IR (drop cast on NaCI/cm'1): 2916, 
2848, 1581, 1469, 1404, 1253. MS (m/z, % abundance): 353.2 (M+,100), 275.2 
(50), 121 (18), 107 (55), 69 (32). Exact Mass (C22H31N3O): 353.2469 calcd.:
353.2467
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1.7± 0.5 nm C i2-AuNPs (0.11 g) and AzoPy (0.20 g, 0.50 mmol) were 
dissolved in 30 ml_ nitrogen saturated benzene and stirred for 3 hours in the 
dark. The solvent was evaporated under vacuum and the particles were washed 
with acetone and ethanol (5x10 mL) to obtain pure AzoPy-AuNP. 1H NMR 
(CDCI3, 25 °C, 6 ppm): 8.78 (b, 2H), 7.96 (b, 2H), 7.68 (b, 2H), 7.03 (b, 2H), 3.98 
(b, 2H), 1.56 (b) 1.28-1.37 (b).
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2.3. Results and discussion
Photoisomerization and coordination chemistry of azopyridine decorated 
gold nanoparticles (AzoPy-AuNP, Figure 2. 6B) with a core size of 1.7± 0.5 nm 
in diameter were studied. Following the Brust-Schiffrin procedure, 1- 
dodecanethiolate passivated (1.7 + 0.5 nm) gold nanoparticle (C-i2-AuNPs) was 
prepared.46 C i2-AuNPs can be functionalized with the desired AzoPy ligand 
(AzoPy-thiol, Figure 2. 6A) via a place exchange reaction. As shown in Figure 2. 
7, a place exchange reaction occurs as some of the stabilizing ligands of the 
C^-AuNPs (dodecanethiolate) are replaced with the thiol of interest (AzoPy- 
thiol).
To synthesize the C i2-AuNP, briefly, an aqueous solution of HAuCI4 (bright 
yellow in color) is transferred into the organic layer (toluene) using a phase 
transfer agent; tetraoctylammonium bromide (TOAB). The TOAB transfers the
C12-AuNP AzoPy-AuNP
Figure 2. 7. A place exchange reaction
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gold anion, (AuCI4), from the aqueous phase to the organic phase. Transfer of 
the gold salt to the organic phase was accompanied by a color change of the 
organic phase from colorless to deep red. In a typical Brust- Schiffrin synthesis, 
thiols are introduced as the capping ligands because of the high affinity of gold 
to sulfur atoms. The size of AuNPs can be controlled by adjusting the mole 
ratios of Au(lll) and thiol. Using a 3:1 ratio of 1-dodecanethiol to Au(lll) results in 
1.7± 0.5 nm dodecanethiolate stabilized AuNPs (Ci2-AuNPs). The thiol molecule 
reduced the gold salt from Au(lll) to a Au(l) polymeric species, indicated by the 
solution color change from red to colorless.46,47 The Au(l) polymer is then further 
reduced using NaBH4 to Au(0). Although only % of an equivalent of NaBH4 is 
stoichiometrically required for the reduction, large excess is needed to generate 
small monodisperse particles.47 The C i2-AuNPs synthesized via the Brust- 
Schiffrin method are robust and they can be stored for months, evaporated to 
dryness, and dissolved in a number of organic solvents such as benzene, 
cyclohexane, tetrahydrofuran (THF), dimethylformamide (DMF), 
dichloromethane (DCM), and toluene.
The C 12-AuNPs can be characterized using a number of different 
techniques including 1H NMR spectroscopy, TEM imaging, and thermo 
gravimetric analysis (TGA). The 1H NMR spectrum of AuNPs can give critical 
information about the structure and composition of the ligands anchored to the 
gold core. As seen in Figure 2. 8, the 1H NMR spectrum of AuNPs protected by 
1-dodecanethiol (Ci2-AuNPs), is significantly broadened. One of the factors 
associated with this broadening is the fact that ligands at the surface of AuNPs
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are binding in different orientations. As a result each ligand will experience 
slightly different spin and rotational environments, which contributes to the 
spectrum broadening. Another factor is the polydispersity of the gold cores. This 
discrepancy in size means that the ligands bound from one particle to another 
will have slightly different local and rotational environments as well as packing 
which further broadens the spectra. Lastly, it has been found that the 1H nudlei 
anchored to AuNPs surfaces experience a very fast spin-spin relaxation (T2) 
which broadens the signal. In 1H NMR spectrum of C i2-AuNPs (Figure 2. 8), the 
broad peak at 0.88 ppm corresponds to the protons of the terminal methyl group 
and the large broad peak at 1.26 ppm corresponds to the methylene groups. 
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In addition to 1H NMR spectroscopy, TEM imaging is critical when 
characterizing and determining the size of the C i2-AuNPs. Analysis of several 
TEM images of one sample, allows the size distribution to be determined. As 
shown in Figure 2. 9, the TEM image of C i2-AuNPs shows that these particles 
have a narrow size dispersity with a distribution of 1.7± 0.5 nm.
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Figure 2. 9. TEM image of C 12-AuNPs (1.7 ± 0.5 nm) [Scale bar is 20 nm]
In order to estimate the amount of stabilizing ligand (1-dodecanethiolate) in 
a C i2-AuNPs sample, TGA was done. TGA is used to determine changes in 
weight of a sample as a function of temperature. A decrease in mass in a TGA 
experiment of C i2-AuNPs corresponds to the loss of the labile organic 
components of the sample at elevated temperatures while the gold core remains
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stable at high temperatures (up to ca. 500 °C). Figure 2. 10 shows the TGA 
result of C i2-AuNPs and shows the sample lost 30% of its initial weight. This 
indicates that 30% of the mass of C i2-AuNPs is composed of 1- 
dodacanethiolate. This means 100 mg C i2-AuNPs contains 1.5 * 10'1 of mmoli-'
1-dodecanethiolate (30 mg) which is consistent with previous studies.48
Figure 2.10. TGA result for 1.7 ± 0.5 nm C12-AuNPs (solid line) and AzoPy-AuNP (dashed
line).
The protecting ligands of AuNPs are exposed to the solvent and affect the 
properties of AuNPs such as solubility and reactivity. Therefore, controlled 
functionalization of the monolayer is critical for nanoparticle application. With 
C i2-AuNPs in hand, functionalization and modification of AuNPs can be done 
using a place exchange reaction (Figure 2. 7). The place exchange reaction is
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essentially the replacement of some of the thiolate ligands anchored to the 
surface of C i2-AuNPs with the functionalized thiol of interest (AzoPy-thiol).38,49
To synthesize the thiol of interest, AzoPy-thiol (Figure 2. 6A), synthetic 
approach shown in Scheme 2. 1 was followed. Briefly, condensation of phenol 
and 4-aminopyridine results in the formation of AzoPy-1 which was then reacted 
with 1-bromododecane-12-thioaceate to produce AzoPy-2 which is the protected 
form of AzoPy-thiol. Saponification of AzoPy-2 results in the ligand we are 
interested in, AzoPy-thiol. The thiol moiety in this ligand (AzoPy-thiol) will be 
used to anchor it to the surface of the AuNPs. In order to run control 
experiments and compare the properties of the ligand anchored to the particle 
with those of a free ligand (not attached to particle) a derivative of azopyridine 
as a model compound, AzoPy-M (Figure 2. 6C), was synthesised. In order to 
synthesize AzoPy-M, AzoPy-1 was reacted with 1-bromodecane under nitrogen 









Scheme 2.1. Synthetic approach to AzoPy-thiol and AzoPy-M
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1H, 13C NMR, IR, UV-vis spectroscopy, and mass spectrometry 
characterized both AzoPy-thiol and AzoPy-M. The 1H NMR spectrum of AzoPy- 
thiol is shown in Figure 2. 11B. As can be seen in the 1H NMR spectrum of 
AzoPy-thiol, four peaks appeared in the downfield region corresponding to the
4-
protons in the aromatic rings of this compound. Moving upfield, a peak at 4.07 
ppm corresponds to the CH2 adjacent to oxygen and the peak at 2.53 ppm 
corresponds to the methylene adjacent to the thiol. The proton of the thiol (-S-H) 
appears as a triplet at 1.34 ppm.
AzoPy-thioI.esp
1H NMR of AzoPy-M is shown in Figure 2. 12. The peaks in the aromatic 
region and at 4.07 ppm are the same as for AzoPy-thiol. The only difference is in
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the long hydrocarbon chain with a methyl terminal group instead of thiol group 
which results in a new peak at 0.89 ppm corresponding to the terminal methyl in 
AzoPy-M.
AzoPy-M .esp  O  00
C\J CD CN
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Figure 2. 12.1H NMR spectrum of AzoPy-M
With AzoPy-thiol in hand, azopyridine decorated gold nanoparticles 
(AzoPy-AuNP) can be prepared via a place exchange reaction. In the place 
exchange reaction, the mixture of AzoPy-thiol and C i2-AuNPs (3:1 AzoPy-thiol 
to 1-dodecanethiolate) was stirred under nitrogen in the dark for 3 hours. Using 
a higher mole ratio of AzoPy-thiol or a longer reaction time, will result in more 
AzoPy-thiol being anchored to AuNPs and the resultant AzoPy-AuNP would not 
be soluble in any organic solvent. After the place exchange reaction, modified
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particles (AzoPy-AuNP) were washed with ethanol and acetone to remove 
excess AzoPy-thiol and detached 1-dodecanethiol. As seen in Figure 2. 11 A, 
there are no sharp signals in the 1H NMR spectrum of AzoPy-AuNP, indicating 
the absence of any free ligand in the sample. Broad peaks that line up with the 
peaks of AzoPy-thiol, indicate that AzoPy-thiol is anchored to the surface of 
AuNPs. The peak in 0.88 ppm that does not line up with the peaks of AzoPy- 
thiol is corresponding to the terminal methyl group of 1-dodecanethiolate in 
AzoPy-AuNP. Besides using 1H NMR spectroscopy to judge the purity and 
types of the ligands anchored to the surface of AuNPs, this technique can also 
be used to estimate the relative amount of ligands on the particle.
When integrating the peaks corresponding to AzoPy-thiol and comparing 
them to the integration of the peaks corresponding to 1-dodecanethiolate of 
AzoPy-AuNP, the ratio between these two ligands anchored to AuNPs can be 
estimated. Based on the comparison between the integrations of the aromatic 
peaks of AzoPy and the terminal methyl of the dodecanethiolate, the ratio of 
AzoPy: 1-dodecanethiolate on the surface of AuNPs is ca. 1:1.5. The result of 
the TGA experiment on AzoPy-AuNP is shown in Figure 2. 10 (dashed line). As 
it can be seen, it shows a 35% mass loss which means that 35% of the mass of 
AzoPy-AuNP is from organic ligands including AzoPy-thiolate and 1- 
dodecanethiolate. Since AzoPy-AuNP is decorated with two different types of 
ligands (AzoPy-thiol and 1-dodecanethiol), a two-step mass loss can be seen in 
the TGA result, one step for each ligand. Comparing the TGA results of AzoPy- 
AuNP to C i2-AuNPs (Figure 2. 10), the additional 5% mass loss in the case of
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AzoPy-AuNP is due to the higher molecular weight of the AzoPy-thiol (399.59 
mg/mmol) ligand on the surface of AuNPs instead of the 1-dodecanethiol 
(202.40 mg/mmol) ligand.
Before studying photoisomerization of AzoPy anchored to the gold core, 
the photoisomerization of free AzoPy (AzoPy-M) was studied. Figure 2. 13 (bold 
line) shows the UV-vis spectrum of AzoPy-M in benzene (6*1 O'5 M).
________________ wavelength (nm)_____________
Figure 2.13. UV-vis spectrum of AzoPy-M (bold line) and changes in the UV-Vis spectrum 
of AzoPy-M during trans to cis photoisomerization.
The intense absorption band at 356 nm corresponds to the ji- mi* transition 
of trans AzoPy-M. The weak absorption band in visible region (440 nm) is the 
n-»ji* transition of the cis isomer. Since n-m* transition is a symmetry forbidden 
transition, it has a smaller absorption efficiency compared to and hence 
has a lower intensity. At room temperature, the thermally favoured trans isomer
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is the major isomer. However, the barely visible n->ji* transition in the visible 
region of the UV-vis spectrum of AzoPy-M indicates the presence of some cis 
isomer at room temperature (Figure 2. 13- bold line).
Figure 2. 14 shows trans- cis photoisomerization of AzoPy-M. In order to 
study the photoisomerization of AzoPy-M, a nitrogen saturated solution of 
AzoPy-M (6x1 O'5 M) in benzene was prepared. A UV pass and 400 nm cut off 
filter was used in order to have UV light (ca. 350 nm) and visible light (ca. 440 
nm), respectively.
trans AzoPy-M c is  azoPy-M
Figure 2.14. Trans/cis photoisomerization of AzoPy-M
Upon irradiating the AzoPy-M at the wavelength that the trans isomer 
absorbs (ca. 350 nm), it isomerizes to the cis isomer. This results in a decrease 
in the intensity of the trans absorption while the intensity of the cis absorption 
increases. The changes in the UV-vis absorption of AzoPy-M, during the 
photoisomerization is shown in Figure 2. 13. Due to different absorption
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coefficients for trans and cis isomer, changes in the absorption intensities are 
different. The former has a greater molar absorption coefficient, e, compared to 
latter one. As a result, the trans peak shows distinguishable changes compared 
to the cis isomer in photoisomerization. The isosbestic point in 406 nm (Figure 2. 
13) is evidence that photoisomerization is proceeding without forming any 
intermediates or side products. Isosbestic point is a wavelength in the 
absorption spectrum where at least two chemical species (for example, trans 
and cis isomers) have the same molar absorption coefficients, which remains 
constant as the reaction proceeds.
The trans/cis isomerization is reversible, so the cis isomer can be 
converted to trans upon irradiation with visible light (k> 400 nm). Figure 2. 15 
shows changes in UV-vis spectrum of AzoPy-M during the irradiation with X> 
400 nm light that results in cis—>trans photoisomerization.
Figure 2.15. Changes in UV-vis spectrum of cis AzoPy-M during irradiation with visible
light.
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However, the cis form of AzoPy-M is thermally unstable and upon removing 
the UV light, isomerizes back to the trans form at room temperature and in the 
dark over a period of 10 minutes.
Figure 2. 16 shows changes in the UV-vis spectrum of cis AzoPy-M at 
room temperature and in the dark.
Figure 2.16. Changes in UV-vis spectrum of cis AzoPy-M in room temperature and dark
The trans/cis photoisomerization can also be studied using 1H NMR 
spectroscopy. The nitrogen saturated solution of AzoPy-M dissolved in benzene- 
d6 was irradiated with UV light (ca. 350 nm) using a UV pass filter for 30 
minutes. Figure 2. 17 shows the 1H NMR spectrum of AzoPy-M before (A) and 
(B) after 30 minutes UV irradiation. Because the cis isomer is not thermally 
stable, the NMR sample was transferred to the NMR spectrometer in the dark 
and at 0 °C. Presence of new peaks in the 1H NMR spectrum after UV irradiation
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that appear more up-field compared to the trans isomer protons, corresponds to 
the protons of the cis isomer. No further trans^cis isomerization was indicated 
by 1H NMR spectroscopy even after prolonged (10 hours) UV irradiation 
indicating that the photostationary state had been achieved.
Figure 2 .17 .1H NMR spectrum of AzoPy-M A) before UV irradiation (trans isomer) B) after
UV irradiation (mixture of trans/cis)
1H NMR can be used to calculate the relative amount of the two isomers. 
By integrating the protons of the trans isomer and comparing that to the 
integration of the cis isomer, the ratio between trans and cis isomers was
determined to be -  35:65.
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Irradiation of cis AzoPy-M with visible light results in cis—>trans 
photoisomerization indicated by the disappearance of peaks for the cis isomer in 
1H NMR spectrum. Thermal cis-*trans isomerization results in disappearance of 
cis signals in the 1H NMR spectrum of the sample kept in the dark for 10 
minutes and at room temperature.
With an optimized photoisomerization system based on the model 
compound (AzoPy-M) in hand, one can move forward to study the 
photoisomerization in AzoPy-AuNP. Figure 2. 18. shows the isomerization of the 
AzoPy moiety of AzoPy-AuNP.
Figure 2.18. Trans/cis isomerization of the AzoPy moiety of the AzoPy-AuNP
Figure 2. 19 shows the changes in the UV-vis spectrum of AzoPy-AuNP 
during the isomerization of the azo ligand (AzoPy) anchored to the gold particle.
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When the AzoPy group isomerized from the trans to the cis isomer, the 
absorption band corresponding to the ji—»-ji* transition (trans isomer) at 354 nm 
decreased and the one corresponding to n—m* (cis isomer) increased (Figure 2. 
19). Changes in the n->ji* band (cis isomer) does not exhibit the same intensity 
as AzoPy-M because this peak is covered by the scattering peak of AuNPs.
Figure 2.19. Changes in the UV-Vis spectra of AzoPy-AuNP during trans to cis
photoisomerization
Similar to the cis AzoPy-M, the c is AzoPy-AuNP is not thermally stable and 
isomerizes back to the trans isomer at room temperature and in dark. Changes 
in the UV-vis spectrum of cis Azo-Py-AuNP (at room temperature and in dark) is 
shown in Figure 2. 20 .As can be seen, the intensity of the peak corresponding 
to the cis isomer is decreasing and the intensity of the peak corresponding to the 
trans isomer is increasing. The thermal cis^trans isomerization of AzoPy-AuNP 
is relatively fast compared to AzoPy-M. This could be due to some extent of
39
hindrance of the packed ligands on the surface of the AuNPs that makes the cis 
isomer more unstable and pushes it to form the trans isomer. Irradiation of cis 
AzoPy-AuNP with visible light (X.> 400 nm) will accelerate the cis-+trans 
isomerization process. The changes in the UV-vis spectrum of cis AzoPy-AuNP 
during visible irradiation is shown Figure 2. 21.
Figure 2. 20. Changes in UV-vis spectrum of cis AzoPy-AuNP in room temperature and
dark
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Figure 2. 21. Changes in UV-vis spectrum of cis AzoPy-AuNP during irradiation with
visible light
The 1H NMR spectrum of AzoPy-AuNP after irradiation with UV light is 
shown in Figure 2. 22. As shown in Figure 2. 22A, peaks in the 1H NMR 
spectrum of AzoPy-AuNP after irradiation with UV light, line up with the 1H NMR 
spectrum of the AzoPy-M after UV irradiation (Figure 2. 22B). This indicates that 
UV irradiation of AzoPy-AuNP results in trans-+cis photoisomerization of AzoPy 
ligand anchored to the surface of AuNPs. Smaller quantities of cis isomer of 
AzoPy-AuNP compared to AzoPy-M can be produced by UV irradiation. This 
could be due to the hindrance of packed ligands anchored to the surface of 
AuNPs. Also heat transfer from the gold core to the cis AzoPy ligand anchored 
to it during UV irradiation could lead to cis^trans thermal isomerization which
results in less cis isomer.
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Figure 2. 22.1H NMR spectrum of A) AzoPy-AuNP B) AzoPy-M, both after irradiation with
UV light
Unlike some other reports about aggregation/dispersion or
solvation/precipitation of azo derivative functionalized AuNPs, we did not 
observe any changes in solubility of AzoPy-AuNP in either the trans or cis 
isomer. This means both isomer forms of AzoPy-AuNP are soluble and fully 
dispersed in solution. As the aggregation state of AuNPs and its solubility is not 
affected by the photoisomerization of the AzoPy anchored to it, AzoPy-AuNP did 
not aggregate in cis form and no creation of plasmon band during 
photoisomerization was observed.
The coordination chemistry of the pyridine moiety of AzoPy-M and AzoPy- 
AuNP to zinc (II) meso tetraphenylporphyrin (ZnTPP) was investigated. Since 
peaks from protons in the aromatic region of AzoPy shifted upfield after 
coordination to ZnTPP15, 16, 1H NMR spectroscopy was used to study the
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coordination process. 1H NMR spectrum of a mixture of trans and cis AzoPy-M 
after addition of ZnTPP is shown in Figure 2. 23. As can be seen, protons of the 
trans and cis isomer, both shift upfield in the 1H NMR spectrum after 
coordination to ZnTPP. This indicates that both isomers of AzoPy-M are 
accessible to coordinate to ZnTPP. This observation was expected as in 
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Taking advantage of the hindrance of AzoPy-AuNP in the cis isomer, it was 
expected that its pyridine moiety would be accessible for coordination to a bulky 
molecule, such as ZnTPP, in the trans isomer but not in the cis one. 
Coordination of ZnTPP to the mixture of the trans and cis AzoPy-AuNP was 
studied using 1H NMR spectroscopy. The 1H NMR spectra of trans/cis AzoPy- 
AuNP before (A) and after the addition of ZnTPP (B) are shown in Figure 2. 24. 
It can be seen that the peaks of both the trans and cis osomers shift upfield 
which indicates both isomers are coordinated to the ZnTPP. This observation 
was different from what we expected based on the hindrance of the cis isomer in 
other reports.15,16,18,19 The fact that trans and cis isomers of AzoPy-AuNP, both 
can coordinate to a bulky molecule such as ZnTPP, indicates that the cis form is 
not hindered by its attachment to the gold core (1.7 ± 0.5 nm) or other ligands on 
the surface of AuNPs.
However, comparing 1H NMR of AzoPy-M and AzoPy-AuNP after 
coordination to ZnTPP, it is obvious that the protons of AzoPy-M (trans and cis) 
shifted more compared to the protons of AzoPy-AuNP (trans and cis). This 
indicates that less amount of ZnTPP is coordinated to the AzoPy-AuNP 
compared to AzoPy-M. This observation can be rationalized based on the dense 
arrays of AzoPy-thiolate and dodecanethiolate on the surface of AzoPy-AuNP. 
ZnTPP coordinated AzoPy anchored to the gold core, acts as an umbrella and 
blocks AzoPy buried under it. It makes these AzoPy inaccessible for 
coordination. This leads to some AzoPy in a AzoPy-AuNP sample being 
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Figure 2. 24.1H NMR of trans/cis AzoPy-AuNP A) before and B) after addition of ZnTPP
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2.4. Conclusion:
1-dodecanethiolate passivated 1.7 ± 0.5 nm AuNPs (C i2-AuNPs) was 
synthesized following Brust-Schiffrin method. The C i2-AuNPs was decorated 
with azopyridine thiol (AzoPy-thiol) via a place exchange reaction to synthesize 
AzoPy-AuNP. Photoisomerization of free AzoPy (AzoPy-M) and anchored to 
gold core AzoPy (AzoPy-AuNP) was studied. The azo moiety of both AzoPy-M 
and AzoPy-AuNP, isomerizes from trans to cis if irradiated with UV light. The cis 
isomer of either AzoPy-M or AzoPy-AuNP is not thermally stable and isomerizes 
back to the trans isomer upon removing the UV light at room temperature. 
Irradiation of the cis isomer with visible light accelerates the cis-+trans 
isomerization. The aggregation state or solubility of AzoPy-AuNP did not change 
during the photoisomerization of its stabilizing ligand. The cis isomer of AzoPy- 
AuNP is not hindered by the gold core which results in it being accessible for 
coordination to a bulky molecule such as ZnTPP.
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Investigating Their Photo-induced Size Evolution in 
Chlorinated Solvents
3.1. Introduction
Gold nanoparticles (AuNPs) continue to be of interest because of their 
unique and fascinating size and shape dependent optical, electronic, magnetic, 
and catalytic properties.1'6 A very important property of AuNPs, especially those 
with a core size larger than ca. 3 nm, is their absorption arising from the 
collective oscillation of induced dipoles in resonance with the incident 
electromagnetic radiation.7 This property of nanoparticles is called surface 
plasmon resonance (SPR or plasmon band) effect and the interesting part of this 
property is its dependence on the particles’ size, shape, and the nature of the 
surrounding medium.2 The AuNPs with a core size smaller than ca. 3 nm, which 
scatter light and appear to be brown in color, do not posses a SPR8 (Figure 3. 1- 
dashed line). However, larger AuNPs (> ca. 3 nm) exhibit a strong SPR 
absorption band (Figure 3. 1-solid line) in the visible region because of the free 
conduction of electrons on the surface of the AuNPs.9 The peak position (~500- 
550 nm) and its intensity depend on the size and the shape of the 
nanoparticles.8'10 Plasmon band has been widely used in sensors. Due to this 
property, development of experimental protocols for the systematic control of the 
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Figure 3.1. UV-vis spectrum of AuNPs smaller than ca. 3nm (dashed line) and larger than
ca. 3 nm (solid line)
There are a number of useful methods for preparation of AuNPs with 
different sizes (1 to 150 nm) including the Turkevich11,12, Brust-Schiffrin13, etc. 
Different methods utilize different protecting ligands (phosphines, amines, 
citrates, thiols, etc.), and the resultant AuNPs have different solubility properties 
(aqueous and organic soluble). The Brust-Schiffrin synthetic method13 is one of 
the most popular and versatile methods to produce organic soluble thiolate- 
protected AuNPs in the size range of 2 to 6 nm. In this method, the size of gold 
core can be controlled by controlling the mole ratio between the gold salt and 
the thiol. The ratio of the gold to the dodecanethiol is varied between 1:3, 1:1, 
and 6:1 to generate a series of AuNPs with 1.7 ± 0.5 nm (small), 2.2 ± 0.5 nm 
(medium), and 4.5 ± 0.7 nm (large) core sizes, respectively.13,14 Development of 
facile and efficient methods to prepare larger thid protected AuNPs (~10 nm in
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diameter) or to convert smaller particles to larger ones in organic media is still of 
a great interest. Post treatment methods, which include the size evolution of 
AuNPs in solution or molten quaternary ammonium salt at high temperatures 
(110- 250 °C), have been reported.15, 16 At elevated temperature, stabilizing 
ligand will come off and result in aggregation of the partially stabilized AuNPs. 
Although the post treatment methods of thiol protected AuNPs results in 
formation of narrow size distributed AuNPs, there are limitations due to heat 
labile and low boiling point of stabilizing ligands. Introducing a size evolution 
method under mild conditions to increase the size of small gold particles (1.7 ± 
0.5 nm or smaller) may prove to be of interest.
Previously, our group has shown that photochemically generated acyl and 
alkyl radical species can liberate the thiolate stabilizing ligands on small AuNPs 
and result in partially stabilized AuNPs. These partially stabilized small (1.7 ±0.5 
nm) AuNPs aggregate to larger particles (5.1 ± 0.9 nm).17
Recently, other research groups have studied the effect of ketyl radicals on 
the size of the gold core.18 The photochemically produced ketyl radicals were 
used as an electron donor to the AuNPs. The electron transfer to AuNPs led to 
the liberation of the stabilizing ligand from AuNPs and their coalescence.17,18
Other studies have shown that halide ions, can also strip off the capping 
ligand and anchor to the surface of AuNPs.19,20 Adsorption of halide ions on the 
surface of AuNPs has been studied by several research groups.19'21 
Triphenylphosphine protected AuNPs are reported by Chechik et. al to be 
unstable in some halogenated solvents (e.g., chloroform and
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tetrachloromethane) due to the adsorption of the halogen atom to the surface of 
AuNPs. Halides are not good stabilizing ligands for AuNPs and lead to particle 
aggregation 22,23 Confirmed by spin trap techniques, electron transfer from the 
AuNPs to the alkyl halides creates a radical anion which releases halide anion 
and subsequently forms a carbon centered radical.22,23 The AuNPs abstracts 
the halide anion due to its high affinity to halogens.22'24 Halogen ions (Cl', Br', I') 
are reported to strongly chemisorb to the (111) facet of triangle AuNPs and alter 
the morphology of the particles to circular disk-like particles.19 The gold core of 
the thiol stabilized AuNPs is reported to grow in size if their solution in hexane, 
toluene, or chloroform is exposed to air in the presence of Br', as the residue of 
the phase transfer agent (tetraoctyl ammonium bromide: TOAB) or added KBr.20 
However, due to the oxidation of the stabilizing ligand to disulfides and 
sulfonates, followed by aggregation of the particles, the AuNPs are not stable 
under the mentioned condition and decompose to elemental gold after 19 
hours.20 Addition of NBS (N-bromosuccinimide), NIS (N-iodosuccinimide), Br2, 
and l2 to octadecylamine stabilized AuNPs in organic solvents, such as 
chloroform, results in size changes of the gold core.21 The bromine and iodine 
produced by NBS and NIS, respectively, are adsorbed to the (111) surface of 
particles, oxidizing the surface of AuNPs and striping off the capping ligand 
which leads to the aggregation of the particles.21
Size evolution of thiol stabilized AuNPs has also been reported in the 
presence of the acidic hydrogen of trifluroacetic acid and the bromide anion of 
TOAB .15 The suggested mechanism consists of the interaction of the acidic
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proton with the sulfur atoms of the capping ligand, making it a better leaving 
group, followed by the bromide anion adsorption to the surface of AuNPs and 
dissociation of the capping ligand. The bromide passivated AuNPs are not 
stable and subsequently coalesce to bigger particles.15
Our motivation for the present work was initiated while we were studying 
the trans/cis photoisomerization of an azopyridine modified gold nanoparticles 
(AzoPy-AuNP) in chloroform. Figure 3. 2 represents the structure of AzoPy- 
AuNP. The azo moiety of the AzoPy-AuNP isomerizes from trans to cis when 
irradiated with UV light. Irradiation of the 1.7 ± 0.5 nm AzoPy-AuNP with UV light 
in chloroform resulted in color change from brown to ruby and the appearance of 
the plasmon band in its UV-vis spectrum. Figure 3. 3. shows changes in the UV- 
vis spectrum of AzoPy-AuNP during the irradiation with UV light in chloroform. 
As it can be seen, while the trans form isomerizes to the cis, the intensity of the 
peak in the UV region (350 nm, ;i—>ji* of azo moiety) decreases. However, a 
new peak in the visible region appears which is the plasmon band of the AuNPs. 
The ruby color of the sample and the appearance of the plasmon band in the 
UV-vis spectrum are indicative of the formation of larger (>3 nm) AuNPs which 
was confirmed by TEM imaging. No size evolution or color change was 
observed if photoisomerization of AzoPy-AuNP was studied in benzene, toluene, 
or tetrahydrofuran (THF) solvents. This indicates that the observed size 
evolution is not due to the photoisomerization of the azo moiety but due to the 
photolysis of the solvent.
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To further investigate the photoinduced size evolution of the AuNPs, 1- 
dodecanethiolate stabilized AuNPs (Ci2-AuNP) were used instead of the azo 
Chromophore functionalized AuNPs (AzoPy-AuNP).
Figure 3. 2. The structure of the AzoPy-AuNP.
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Figure 3. 3. Changes in the UV-vis spectrum of AzoPy-AuNP during UV irradiation in
chloroform.
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Irradiation of 1.7 ± 0.5 nm C i2-AuNPs with UV light in chloroform resulted in 
the size evolution which was confirmed by the appearance of a strong plasmon 
band in the UV-vis spectrum and the presence of the larger particles (> 1.7 ± 0.5 
nm) in the TEM images. However, the irradiation of 1.7 ± 0.5 nm C i2-AuNPs with 
UV light in benzene, toluene, or tetrahydrofuran (THF) did not result in any 
change in color or in its UV-vis spectrum. Based on the TEM images of the C 12- 
AuNPs before and after irradiation in the mentioned solvents (benzene, toluene, 
THF), the size of the gold core did not change. Figure 3. 4 summarizes the 
mentioned solvent dependent photoinduced size evolution of the AuNPs. This 
observation inspired us to study the photolysis of the thiol passivated AuNPs 
(C-12-AuNPs) in halogenated solvents in more detail.
Figure 3. 4. Photoinduced solvent dependent changes in the core size of C12-AuNPs
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Chlorinated solvents, such as chloroform, are known to make chlorine 
radicals, chloride anions, and hydrochloric acid when exposed to UV light 
(Scheme 3. 1).
UV light
1) CHCI3 ------------ ►  CHCI2 +CI
2) CHCI3 + Cl ------ ►  CCI3 + HCI
•  •
3) Cl + Cl ------------ Cl2
Scheme 3.1. Photochemical degradation of chloroform
The radicals and the chloride ions along with the acidic protons, produced 
by irradiation of the chlorinated solvent, can accelerate desorption of the 
protecting thiolate ligand and the production of partially naked AuNPs. These 
partially naked AuNPs are not stable and coalesce to form larger particles.
While our work was in progress, a paper was published on the controlled 
photoinduced aggregation or coalescence of thiol passivated AuNPs (3-5 nm) in 
chloroform using different wavelengths of light and lasers.9 Exposure of the 
AuNPs (3-5 nm) dissolved in chloroform to the 355 nm laser resulted in 
aggregation of the particles and formation of a black precipitate. Irradiation with 
a 266 nm laser light results in fast size evolution of particles to 100 nm in 
diameter. The particles dissolved in chloroform are stable under UV-A (330- 400 
nm) irradiation but exposure to UV-C (240- 280 nm) produces networks of fused
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nanoparticles. Figure 3. 5. shows the TEM images of the AuNPs after irradiation 
with UV-C lamp and 266 nm laser light.9
Figure 3. 5. Changes in the size of AuNPs after irradiation with UV-C lamp and 266 nm 
laser light9 (Reprinted with permission from ref 9. Copyright 2011 American Chemical
Society)
In this report, the mechanism of this observation is mentioned very briefly 
to be the photodegradation of chloroform and generation of the dichloromethyl 
radicals. The dichloromethyl radical transfers electrons to the AuNPs and results 
in the liberation of the stabilizing ligand and the aggregation of the particles 9 
Their suggested mechanism is shown in Scheme 3. 2.
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Scheme 3. 2. The proposed mechanism for the photoinduced size evolution of AuNPs in 
chloroform.9 (Reprinted with permission from ref 9. Copyright 2011 American Chemical
Society)
Herein, we present in detail a facile and fast method to increase the size of 
the gold core under mild condition and at room temperature utilizing 
photodegradation of the chlorinated solvents. Irradiation of the chlorinated 
solvents leads to their degradation to radicals, chloride anions, and hydrochloric 
acid. These species accelerate the liberation of the stabilizing ligand and lead to 




1-dodecanethiol, hydrogen tetrachloroaurate (III) (HAuCU), tetraoctyl 
ammonium bromide (TOAB), pyridine, potassium carbonate, phenyl ethyl thiol, 
hydrochloric acid, benzene chloride, chloroform, dichloromethane, carbon 
tetrachloride, deuterated chloroform (CDCI3), deuterated dichloromethane 
(CD2CI2), benzene, tetrahydrofuran (THF), and toluene were purchased from 
Aldrich and used as received.
3.2.2. General Instrumentation
1H and 13C NMR spectra were recorded on either a Varian Mercury 400 or 
Varian Inova 400 (1H; 400 MHz, 13C; 100 MHz) in CDCI3, C6D6, or CD2CI2 
solution and are reported in parts per million (ppm), with the residual solvent 
resonance used as reference; CDCI3 (7.26 ppm), C6D6 (7.15 ppm), CD2CI2 (5.32 
ppm). Mass spectra and exact masses were recorded on a MAT 8400 Finnegan 
High resolution Mass spectrometer. UV-vis spectra were done on a Varian Cary 
100. Infrared spectra were recorded on a Bruker Vector 33 FTIR spectrometer 
and are reported in wavenumbers (cm'1). Transmission electron microscopy 
images were collected on a carbon formvar grid and a Phillips CM 10 microscope 
operating at 80 kv with a 40 pm aperture.
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3.2.3. Synthesis of 1.7 ± 0.5 nm 1-dodecanethiolate stabilized gold 
nanoparticles (C12-AuNPs)
Following the procedure of Brust Schiffrin method to prepare 1.7 ± 0.5 nm 
AuNPs, hydrogen tetrachloroaurate (III) trihydrajte (0.30 g. 0.77 mmol) was 
dissolved in 28 ml_ distilled water (resulting in a bright yellow solution) and then 
mixed with tetraoctylammonium bromide (2.3 g. 4.2 mmol) in 70 mL toluene. 
The content was stirred for 30 minutes at room temperature to facilitate the 
phase transfer of the hydrogen tetrachloroaurate (III) trihydrate into the organic 
layer. After phase transfer, the aqueous layer was removed and the organic 
layer was cooled to 0 °C in an ice bath. 1-dodecanthiol (0.47 g, 0.57 mL. 2.3 
mmol) was added to the solution via a volumetric pipette and allowed to stir for 
10 minutes. The addition of 1-dodecanthiol resulted in a color change from red 
to colorless. A fresh solution of sodium borohydride (0.33 g, 8.7 mmol) in 28 mL 
water was then added to the rapidly stirring toluene solution over 5 seconds. 
The solution darkened instantly to black. The mixture was allowed to stir for 15 
hours as it warmed gradually to room temperature. The aqueous layer was 
removed and the organic layer was washed with distilled water (3x20 mL) and 
dried over MgS04. The toluene was then isolated by gravity filtration. The 
solvent was removed under vacuum. The resultant solid was suspended in 200 
mL of 95% ethanol and placed in the freezer for 15 hours to precipitate AuNPs. 
AuNPs were collected and dissolved in dichloromethane and concentrated to 
form a thin film of AuNPs. The film was washed with ethanol (10x15 mL) to 
obtain pure C i2-AuNPs.
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3.2.4. UV-vis irradiation set up
A  medium pressure mercury lamp in a black box was used to irradiate the 
samples. This lamp emits mostly from 200 to 1000 nm with the most intense 
lines approximately at 218, 248, 254, 266, 280, 289, 297, 303, 313, 334, 366, 
406, 408, 436, 546 and 578 nm. All samples are nitrogen saturated and 
irradiated in a quartz cuvette unless otherwise mentioned. Using a 400 nm cut 
off filter and the pyrex glass, wavelengths below 400 nm and 300 nm were 
filtered, respectively.
3.2.5. Sample preparation
A  stock solution of C 12-AUNP was prepared by dissolving 0.11 g of pure 
C 12-AUNP in 25 mL dichloromethane. For each study, 0.20 mL of the stock 
solution was transferred to the proper cuvette (quartz unless it is mentioned) and 
the dichloromethane was removed under vacuum. Then 3.0 mL of the desired 
solvent was added to the cuvette and sample was purged with nitrogen for 5 
minutes. Then the cuvette was sealed with a rubber septa and parafilm.
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3.3. Results and discussion
3.3.1. Preparation and characterization of AuNPs
The photoinduced size evolution of the 1-dodecanethiolate stabilized gold 
nanoparticles (C i2-AuNPs) with the gold core of 1.7 ± 0.5 nm in chlorinated 
solvents will be discussed. The C i2-AuNPs were prepared according to the 
appropriate Brust- Schiffrin method.13 Briefly, an aqueous solution of HAuCl4 
(bright yellow in color) was transferred into the organic layer (toluene) using a 
phase transfer agent; tetraoctylammonium bromide (TOAB). The TOAB 
transfers the gold anion, (AuCLf), out of the aqueous phase and into the organic 
media. The transfer of the gold salt into the organic phase is accompanied by 
the color change of the organic phase from colorless to deep red. In a typical 
Brust- Schiffrin synthesis, thiols are introduced as the capping ligand because of 
the high affinity of the gold for the sulfur atoms. In this method, the size of the 
AuNPs can be controlled by controlling the ratio between Au(lll) and the thiol. A 
ratio of 3:1 of thiol to Au(lll) will result in small AuNPs (1.7± 0.5 nm). The thiol 
ligand reduces the gold salt from Au(lll) to a Au(l) polymeric species, indicated 
by the solution color change from red to colorless.13, 25 The Au(l) polymer is 
further reduced by NaBH4 to Au(0). Although only % of an equivalent of NaBH4 
is stoichiometrically required for the reduction, large excess is needed to 
generate small monodisperse particles.25 This protocol leads to the 1.7 ± 0.5 nm 
dodecanethiolate passivated AuNPs (C i2-AuNPs). The C i2-AuNPs are robust 
and can be stored for months, evaporated to dryness and dissolved in a number
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of organic solvents such as benzene, cyclohexane, tetrahydrofuran (THF), 
dimethylformamide (DMF), dichloromethane (DCM), chloroform, and toluene. 
The prepared C i2-AuNPs was characterized using 1H NMR spectroscopy, 
UV-vis spectroscopy, thermal gravimetric analysis (TGA), and transmission 
electron microscopy (TEM) imaging.
In the 1H NMR spectrum of the C i2-AuNPs in deuterated chloroform 
(CDCb) (Figure 3. 6A), the terminal methyl group and the methylene groups of 
the 1-dodecanethiolate appear as two broad peaks at 0.88 and 1.26 ppm, 
respectively. Broadened peaks of the organic ligand are indicative of the 
attachment of the ligand to the gold core. Absence of any sharp peaks in the 1H 
NMR spectrum indicates the absence of any free ligands in the C i2-AuNPs 
sample. The sharp peak at 1.55 ppm is due to protons from some residual 
water.
The UV-vis spectrum of the C i2-AuNPs (Figure 3. 1-dashed line), shows a 
broad peak due to the scattering of the light which is characteristic of the AuNPs 
of this size (1.7 ± 0.5 nm). Unlike larger particles (ca. >3 nm), that are red in 
color and have a plasmon band (~500-550 nm, Figure 3. 1-solid line), these 
particles do not exhibit any plasmon band and are dark brown in color.
Critical information about the size and the shape of AuNPs can be acquired 
from TEM imaging. The TEM image of the prepared C i2-AuNPs indicated that 
these particles were spherical with a uniform size of 1.7 ± 0.5 nm (Figure 3. 7A).
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Figure 3. 6. A) 1H NMR spectrum of small C12-AuNPs (1.7 ± 0.5 nm), B) 1H NMR spectrum
of C12-AuNPs after 3 hours irradiation in CHCI3.(7.2 ±1.4 nm) [NMR solvent CDCI3]
Figure 3. 7. A) TEM Image of small C12-AuNPs (1.7 ± 0.5 nm) and B) TEM image of C12- 
AuNPs after UV irradiation in CHCI3 for 270 minutes (7.2 ±1.4 nm).
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TGA is an experiment that determines changes in the weight of the sample 
as a function of temperature. Mass loss in a TGA experiment of C-12-AuNPs 
corresponds to the loss of the organic component of the sample at elevated 
temperatures while the gold core remains stable at high temperatures (up to ca.
4-
500 °C). The TGA result provided in Figure 3. 8A shows 33% mass loss which 
indicates 33% of the mass of 1.7 ± 0.5 nm C-12-AuNPs is composed of the 1- 
dodecanethiolate stabilizing ligand. This is in agreement with previous studies 
on small (1.7 ± 0.5 nm) C i2-AuNPs .14,26
Temperature (°C)
Figure 3. 8. A) TGA Result of small AuNPs (1.7 ± 0.5 nm) B) TGA result of AuNPs after UV
irradiation (7.2 ±1.4 nm)
67
3.3.2. Photolysis of 1.7 ± 0.5 nm C12-AuNPs
Using a medium-pressure mercury lamp, the 1.7 ± 0.5 nm C i2-AuNPs were 
irradiated in chlorinated solvents including chloroform, dichloromethane, carbon 
tetrachloride, and benzene chloride. It is worth mentioning that all samples were 
purged with nitrogen to remove any dissolved oxygen prior to irradiation in a 
quartz cuvette, unless otherwise mentioned. The UV-vis spectra of the 
C i2A uNPs during irradiation in chloroform (Figure 3. 9A), dichloromethane 
(Figure 3. 10A) carbon tetrachloride (Figure 3. 11 A), and benzene chloride 
(Figure 3. 12A) were recorded in 30 minutes intervals until no noticeable change 
in the UV-vis spectrum, and the intensity of the created plasmon band, was 
observed.
Figure 3. 9. A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation in CHCI3 




(recorded in 30 min intervals) and B) TEM image of C 12-AuNPs after 270 minutes
irradiation in CH2CI2
Figure 3.11. A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation in CCI4 
(recorded in 30 min intervals) and B) TEM image of C12-AuNPs after 270 minutes
irradiation in CCI4
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Figure 3.12. A) Normalized UV-vis spectra of C12-AuNPs during UV irradiation in benzene 
chloride (recorded in 30 min intervals) B) TEM image of C12-AuNPs after 270 minutes
irradiation in benzene chloride
As it can be seen in the UV-vis spectra (Figure 3. 9- Figure 3. 12), before 
irradiation the C i2-AuNPs do not show any plasmon band. However, after 30 
minutes irradiation, a new absorption band in the visible region (ca. 550 nm) 
forms which is the plasmon band of the AuNPs. The intensity of the plasmon 
band increases during irradiation until it reaches its maximum in 270 minutes of 
irradiation. The appearance of an intense plasmon band (SPR) is characteristic 
of the formation of large AuNPs (> 3 nm) and indicates that the size evolution of 
AuNPs has occurred. No aggregation or formation of black precipitate was 
observed even after prolonged irradiation time, 24 hours. The size of the gold 
core after irradiation in the mentioned chlorinated solvents was measured by 
TEM imaging. The TEM imaging confirmed that the size evolution occurred and 
the size of the gold core increased from 1.7 ± 0.5 nm to 7.2 ± 1.4 nm 
(chloroform, Figure 3. 9B), 6.3 ± 0.9 nm (dichloromethane, Figure 3. 10B), 2.7 ±
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1.3 nm (carbon tetrachloride, Figure 3. 11B), and 6 ± 2.5 nm (benzene chloride, 
Figure 3. 12B) after 270 minutes of UV irradiation in the mentioned solvents. 
The histograms of the TEM images are provided in the supporting information 
(chloroform: Figure SI 3.1, dichloromethane: Figure SI 3.2, carbon tetrachloride: 
Figure SI 3.3, benzene chloride: Figure SI 3.4).
As confirmed by UV-vis spectroscopy, the size of the 1.7 ± 0.5 nm C 12- 
AuNPs in chloroform which was kept in the dark for 7 days did not change 
(Figure 3. 13). This indicates that irradiation is required in the process of the 
coalescence. Additionally, using a 400 nm cut off filter, C-i2-AuNPs in chloroform 
was irradiated with X> 400 nm light for 12 hours and no change in the size of the 
particles was observed as confirmed by UV-vis spectroscopy (Figure 3. 13) and 






Figure 3.13. Normalized UV-vis spectrum of C12-AuNP in CHCI3 A) before and B) after kept 
in dark for 7 days and C) after 12 hours irradiation with 400 nm.
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Irradiation of the C i2-AuNPs in chloroform in a pyrex cuvette, which filters 
any light below 300 nm, resulted in slower size evolution of the AuNPs over 24 
hours. Changes in the UV-vis spectrum of the C i2-AuNPs dissolved in 
chloroform during irradiation in pyrex cuvette (X.> 300 nm) is shown in Figure 3. 
14. Some aggregation and formation of black precipitate was observed under 
this condition. The decrease in the absorption intensity of C i2-AuNPs during 
irradiation (Figure 3. 14 (4 hr and 12 hr)) is due to the decrease in the 
concentration of the AuNPs as some aggregation and precipitation occur.
Figure 3.14. Changes in normalized UV-vis spectrum of C 12-AuNPs in chloroform during
irradiation through pyrex (»  300 nm)
Irradiation of C i2-AuNPs in chloroform with a medium pressure mercury 
lamp through a quartz cuvette, which does not filter any UV-vis light, resulted in
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the size evolution of the C 12-AuNPs in 270 minutes (Figure 3. 9- Figure 3. 12). 
Flowever, irradiation of the C-12-AuNPs under the same conditions (irradiation 
with medium pressure mercury lamp through quartz cuvette) in non-chlorinated 
solvents such as toluene, tetrahydrofuran, or benzene did not result in any size 
change which was confirmed by UV-vis spectroscopy and TEM imaging.
Flalogenated solvents degrade photochemically when irradiated with UV 
light. This is a known and common property for a wide range of halogenated 
solvents. However, here we will focus on chloroform to explain this general idea. 
Chloroform has a very strong absorption at 250 nm which is a 5—>5* transition 
(Figure SI 3.6). Irradiation of chloroform with this wavelength (250 nm) results in 
breaking the C-CI bond and, thus, its photodegradation. The photodegradation 
will lead to the generation of the chlorine radical and dichloromethyl radical 
(Scheme 3. 1). The chlorine radical abstracts hydrogen from another chloroform 
molecule, which results in the formation of hydrochloric acid. Hydrochloric acid 
ionizes to a chloride anion and a proton cation. In this study, the effect of 
photodegradation of chloroform and these three species (chlorine radical, 
hydrochloric acid, and chloride anion,) on the C i2-AuNPs will be discussed.
3.3.3. The effect of radicals on C12-AuNPs
Previously in our group, we have shown that the photochemical generation 
of acyl and tert-butyl radicals in the presence of C i2-AuNPs can be a simple and 
versatile method for both controllably liberating substrates from AuNPs surfaces
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and increasing the size of the AuNPs cores via radical abstraction.26 Radicals, 
such as the chlorine radical or dichloromethyl radical, can also lead to liberation 
of the stabilizing ligand which will result in partially naked AuNPs. Partially naked 
AuNPs collide and coalesce to produce bigger particles. This process is shown4-
in Scheme 3. 3. In addition, Figure 3. 15 shows a TEM capture of a few AuNPs 
that have collided and coalesced to form bigger AuNPs.
1.7 ± 0.5 nm
Partialy naked 
AuNP 7.2 ± 1.4 nm
Scheme 3. 3. Size evolution of C12-AuNPs in presence of radials
Figure 3.15. A TEM capture of a few AuNPs coalescing to bigger AuNPs
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Addition of a radical quencher (such as phenyl ethyl thiol) to the C i2-AuNPs 
sample prior to irradiation in chloroform results in the abstraction of the radical 
by the quencher and slows down the size evolution process. The color of the 
C i2-AuNPs sample irradiated in chloroform in the presence of phenyl ethyl thiol 
did not change to red after 10 hours of irradiation. This indicates that the size 
evolution did not occur. This process was tracked by TEM imaging. Figure 3. 16 
shows TEM image of C i2-AuNPs after irradiation in chloroform in the presence 
of a radical quencher (phenyl ethyl thiol). As can be seen in this TEM image, the 
size of the gold core did not increase.
Figure 3.16. TEM image of C12-AuNPs after 10 hours irradiation in CHCI3 in presence of a
radical quencher.
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3.3.4. The effect of hydrochloric acid on the C12-AuNPs
The thiolate stabilizing ligand will be protonated under strong acidic media 
and leave the surface of the AuNPs as thiols or disulfides. The resultant naked 
AuNPs are not stabilized and aggregate as a black precipitate. However, under 
mild acidic condition, the process of protonation of the thiolate and the liberation 
is slower, leading to the partially naked C 12AUNPS instead of unprotected naked 
AuNPs. The coalescence of the naked AuNPs results in the size evolution 
(Scheme 3. 4). Hydrochloric acid is slowly accumulating as a product of the 
photodegradation of the chloroform.
1.7 ± 0.5 nm
Partialy naked 
AuNP 7.2 ± 1.4 nm
Scheme 3. 4. Size evolution of C12-AuNPs in presence of mild acid
Figure 3. 17 shows the changes in the UV-vis spectrum of C i2-AuNPs 
during irradiation in chloroform in the presence of potassium carbonate, an 
inorganic base. Irradiation of the C i2-AuNPs in chloroform in the presence of 
potassium carbonate, resulted in a decrease in the coalescence process and 
only a weak plasmon band in the UV-vis spectrum was seen (compare to Figure
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3. 9). Here, potassium carbonate reacts with the photochemically generated 
hydrochloric acid and slows down the coalescence process.
1 i
B
Figure 3.17. Changes in the normalized UV-vis spectrum of C12-AuNPs during irradiation 
in chloroform in presence of potassium carbonate.
Because potassium carbonate has a low solubility in chloroform, pyridine, 
which is miscible with chloroform, was also used. Irradiation of C i2-AuNPs in 
chloroform in the presence of pyridine resulted in the creation of a broad band 
corresponding to the pyridinium cation (Figure 3. 18). The pyridinium cation has 
a broad absorption band which filters the absorption of AuNPs and chloroform. 
This results in a drastic decrease in the coalescence process. No color change 
from brown to red ruby or creation of a plasmon band was observed even after 8
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hours of irradiation. The presence of the pyridinium cation was shown using 'H 
NMR spectroscopy (Figure SI 3.7).
Figure 3.18. Changes in the UV-vis spectrum of Ci r AuNPs during irradiation in
chloroform in presence of pyridine
The irradiation of C i2-AuNPs in chloroform in the presence of dissolved 
oxygen, results in aggregation and formation of a black precipitate. Instead of 
hydrochloric acid, peroxides are generated in photodegradation of chloroform in 
the presence of oxygen. Peroxide oxidizes the thiolate protecting ligands of 
AuNPs, resulting in unprotected naked AuNPs and its aggregation to a black 
precipitate.
The effect of a mild acid on the coalescence of C i2-AuNPs was further 
studied by dissolving C i2-AuNPs in hydrochloric acid saturated chloroform27 and 
keeping the sample in the dark. This process was tracked by UV-vis
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spectroscopy (Figure 3. 19). Appearance of the plasmon band after 2 days was 
followed by a gradual increase in its intensity. The plasmon intensity reached its 
maximum in 6 days after which particles aggregated and precipitated. This 
experiment confirms that the size evolution of the gold core can occur in mild
i
acidic conditions. The slower coalescence process compared to the 
photoinduced coalescence can be rationalized with the contribution of other 
pathways, such as radicals and chloride anions, along with continuous acid 
accumulation in the case of photoinduced coalescence.
Figure 3.19. Changes in the normalized UV-vis spectrum of C12-AuNPs in HCI saturated
chloroform kept in the dark.
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3.3.5. The effect of chloride anions on C12-AuNPs
The chloride anion is another product of the photodegradation of 
chloroform that can lead to the coalescence of AuNPs. Due to the high affinity of 
halide anions for gold, chloride anions can be chemisorbed on the surface of the ,
4-
nanoparticle replacing the stabilizing ligand.19, 20, 28 Halides are not good 
protecting ligands for AuNPs and lead to the coalescence of poorly protected 
particles. Based on other reports, the coalescence of C i2-AuNPs in the 
presence of chloride anions occurs through the mechanism shown in Scheme
3.5.
1.7 ± 0.5 nm
Partialy naked 
AuNP 7.2 ± 1.4 nm
Scheme 3. 5. Size evolution of C12-AuNPs in presence of chloride anion
80
3.3.6. More about photoinduced coalescence of C12-AuNPs in chlorinated 
solvents
*■ '
The mechanism of the photoinduced coalescence of C i2-AuNPs in 
chloroform and other chlorinated solvents is most likely a combination of the 
three mechanisms mentioned above. Photodegradation of chlorinated solvents 
leads to the generation of radicals, chloride anion, and hydrochloric acids. These 
species liberate the stabilizing ligand of the C i2-AuNPs and result in partially 
naked AuNPs that subsequently collide and coalesce to form bigger particles. 
Differences in the intensity of the plasmon band and the sizes of the AuNPs 
after photoinduced size evolution occur can be rationalized based on different 
rates of photochemical degradation of different solvents. The slower the rate of 
photodegradation, the slower the coalescence process.
Looking at the changes in the plasmon band of C i2-AuNPs during 
irradiation in chlorinated solvents (Figure 3. 9- Figure 3. 12), the plasmon band 
intensity of different samples does not increase after reaching their maximum. 
This observation can be due to the defects in the layout of the stabilizing ligands 
anchored to the gold core. Loose ligands on the defected sites can be liberated 
by pathways mentioned earlier, resulting in partially naked particles and their 
coalescence. However, the well-arranged ligands are strongly anchored to the 
gold core and can not be liberated under mild conditions. At the beginning, the 
loose ligands will come off and particles will coalesce. Looking at the UV-vis
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spectra, a fast increase in the intensity of the plasmon band is noticed during the 
first hour of the irradiation due to the large number of loose ligands and defects. 
Eventually, all the loose ligands are liberated and the process of size evolution 
slows down, as the changes in the intensity of the plasmon band gets smaller.
3.3.7. Photoinduced coalescence of C12-AuNPs in deuterated chlorinated 
solvents
Irradiation of the C i2-AuNPs in deuterated solvents, such as deuterated 
dichloromethane (CD2CI2) or deuterated chloroform (CDCI3), resulted in the size 
evolution of the particles similar to those of the protonated ones. TEM images of 
the particles after irradiation in CD2CI2 (Figure 3. 20) and CDCI3 (Figure 3. 21B) 
indicates that they have an average core size of 6.3 ± 0.9 nm and 8 ± 2.5 nm, 
respectively. The histogram of the TEM images are provided in Figure SI 3.8 
(CDCI3) and Figure SI 3.9 (CD2CI2). Irradiation in CDCI3 was tracked using UV- 
vis spectroscopy (Figure 3. 21A). Comparing the UV-vis spectrum of C i2-AuNPs 
irradiated in CHCI3 (Figure 3. 9A) to the one irradiated in CDCI3 (Figure 3. 21A), 
it is noticeable that the one irradiated in CDCI3 shows a broader plasmon band 
which is indicative of a wider size distribution of the gold core. This can be 
explained by different rates of photodegradation or strength of the produced 
acid. DCI is a stronger acid compared to HCI which will result in faster liberation 
of the stabilizing ligand and faster coalescence. Comparing TEM images of C i2- 
AuNPs after irradiation in CDCI3 (Figure 3. 21B and Figure SI 3.8) and CHCI3
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(Figure 3. 9B and Figure SI 3.1), the former shows a wider range of size 
distribution due to faster coalescence.
Figure 3. 21. A) Changes in the normalized UV-vis spectrum of C12-AuNPs during 
irradiation in CDCI3 B) TEM image of C12-AuNPs after irradiation in CDCI3
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3.3.8. Irradiation of C12-AuNPs in pyrex (À> 300 nm)
As mentioned earlier, irradiation of C i2-AuNPs in chloroform in a pyrex 
cuvette results in slower coalescence of particles and creation of some 
aggregates. When the pyrex cuvette is used, any light below 300 nm inducing 
the main absorption of chloroform and AuNPs is filtered. However, the Ô—>8* 
absorption of chloroform (weak absorption above 300 nm, Figure SI 3.6) is not 
filtered by pyrex and can lead to slow photodegradation of chloroform. Electron 
transfer from the AuNPs to the solvent, chloroform, is another possible pathway 
(Scheme 3. 6).
Scheme 3. 6. Photoinduced coalescence of C12-AuNP in the pyrex
As the gold core absorbs the light (>300 nm), it transfers electrons to the 
solvent and produces a chloroform radical anion species (Scheme 3. 6). The
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chloroform radical anion dissociates to a chloride anion and a dichloromethyl 
radical. Produced dichloromethyl radical and chloride anion can liberate the 
stabilizing ligand as discussed earlier. Since the main absorption of solvent and 
AuNPs is filtered, generation of partially naked AuNPs is slow. This results in 
lower concentration of partially naked AuNPs. In low concentration, the chance 
of two particles colliding in solution is low and, thus some precipitate before 
coalescing to larger particles.
3.3.9. Characterization of C12-AuNPs after size evolution
The C i2-AuNPs after photoinduced size evolution (will be referred as large 
C i2-AuNPs) are stable and can be stored at room temperature for a minimum of 
one month. In addition to TEM imaging, large C i2-AuNPs made by irradiating the 
small (1.7 ± 0.5 nm) C i2-AuNPs in chloroform, were characterized with 1H NMR 
spectroscopy and thermal gravimetric analysis (TGA). Figure 3. 6B shows 1H 
NMR spectrum of large C i2-AuNPs after a few washes with ethanol to remove 
any free ligand. Drastically broadened peaks from the methylene groups and 
terminal methyl group (Figure 3. 6A) is indicative of ligands being anchored to a 
larger gold core (7.2 ± 1.4 nm compared to 1.7 ± 0.5 nm). Moreover, the TGA 
results (Figure 3. 8B) show 19% mass loss for large C i2-AuNPs compared to 
33% for 1.7 ± 0.5 nm C i2-AuNPs which is in agreement with previous studies.26
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3.4. Conclusion
In conclusion, 1.7 ± 0.5 nm C-12-AuNPs were synthesized following the 
Brust-Schiffrin method. The photoinduced size evolution and coalescence of 
C i2-AuNPs in chlorinated solvents was studied. Photoinduced coalescence of
1.7 ± 0.5 nm C i2-AuNPs in chloroform results in 7.2 ± 1.4 nm particles. Similar 
results were observed using dichloromethane, tetrachlorocarbon, 
chlorobenzene, deuterated chloroform, and deuterated dichloromethane. 
Photodegradation of chlorinated solvents produces chloride radical, chlorine 
anions, and hydrochloric acid. Radicals can break the thiolate-gold bond and 
liberate the stabilizing ligand. Chlorine anions have a high affinity to the gold 
surface and chemisorbs to its surface to remove the stabilizing ligand. Thiolate 
stabilizing ligands under mild acidic conditions are protonated and removed from 
the surface of gold core. All these processes resulted in partially naked gold 
nanoparticles. These particles can collide and coalesce to form bigger particles. 
Different chlorinated solvents and different wavelengths of light can result in 
different degradation rates and so different sizes of AuNPs. These particles are 
stable and can be characterized using TEM imaging, 1H NMR spectroscopy, 
UV-vis spectroscopy, and TGA.
Beside the importance of introducing a new method to increase the size of 
AuNPs, this report is important in the sense that it shows chlorinated solvents 
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In conclusion, AzoPy-AuNP and AzoPy-M were synthesized and the 
trans/cis photoisomerization of their AzoPy moiety was compared. The trans 
isomer of both azo moieties isomerizes to the cis isomer as irradiated with UV 
light. The cis isomer of both AzoPy-AuNP and AzoPy-M is not thermally stable 
and isomerizes to the trans form at room temperature and in dark. However, 
irradiation with visible light accelerates the ds—•■trans isomerization. The 
solubility of the AzoPy-AuNP was not affected by the isomerization of its 
stabilizing ligand. The coordination chemistry of the pyridine moiety of AzoPy-M 
and AzoPy-AuNP to ZnTPP was studied. Both isomers (trans and cis) of AzoPy- 
AuNP and AzoPy-M coordinated to ZnTPP confirmed by the upfield shift of their 
protons in the 1H NMR spectra.
Photoinduced solvent dependent coalescence of 1.7 ± 0.5 nm C 12-AUNP 
was studied. Irradiation of C 12-AUNP with UV light in chlorinated solvents led to 
the size evolution of the gold core. Photodegradation of chlorinated solvents, 
such as chloroform, results in accumulation of radicals, chloride anion, and 
hydrochloric acid. These species liberate the stabilizing ligand of C i2-AuNPs 
which results in partially naked AuNPs. The partially naked AuNPs collide and 
coalesce to larger AuNPs. The size evolution results in creation of plasmon 
band in the UV-vis spectrum which is indicative of AuNPs larger than ca. 3 nm. 
TEM imaging shows the size of C i2-AuNP increased from 1.7 ± 0.5 nm to 7.2 ± 
1.4 nm as irradiated in chloroform. For dichloromethane, carbon tetrachloride,
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and benzene chloride, the size evolution resulted in 6.3 ± 0.9, 2.7 ± 1.3, 6 ± 2.5 
nm, respectively. The differences in the size of AuNP is due to different rates for 
the photoinduced decomposition of the solvent. Beside introducing a facile 
method to increase the size of AuNPs and alter its optical properties, this report 
is important in the sense that it shows chlorinated solvents are not inert for 




Figure SI 2.1. [ 4-(Phenylazo)pyridine] derivatives equipped with a shuttlecock or bowl-shaped 
framework (Reprinted with permission fromTetrahedron Lett. 2009, 50, 2106-2108,
Copyright 2009 Elsevier)
Figure SI 2.2. Structure of the zinc (II) meso tetraphenylporphyrin (ZnTPP)
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Figure SI 2.3. Reversible aggregation/ precipitation of AuNPs form upon UV and visible 
irradiation, respectively. Pictures on the Left and on the Right show the same vial before (red 
solution of free AuNPs) and after (clear solution with dispersed black powder of crystals). TEM 
images of examples of aggregates whose sizes were controlled by the times of UV irradiation. 
A -C  were all soluble; large crystals like the one in D precipitated from solution. (Scale bars: A, 5 
nm; B, 20 nm; C, 50 nm; D, 200 nm.) (Reprinted with permission from Klajn, R.; Bishop, K. J. M.;
Grzybowski, B. A. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 10305-10309)
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sPMMAgel image
Figure SI 2.4. UV/vis spectra of AuNP (left) and AgNP (right) films exposed to 365 nm UV light 
for times varying from 0 to 10 s. In both cases, the red shift of the surface plasmon resonance 
(SPR) band is due to the aggregation of particles. Colors of the curves correspond to those 
observed in experiments. Images created in AuNP and AgNP films by 0.8 s exposure through a 
transparency photomask. The image in the AuNP film self-erases in daylight within 9 h. The 
image in the AgNP film is erased within 60 s by exposure to visible light. (Reprinted with 
permission from A n g e w . C h e m . Int. E d . 2 0 0 9 , 48, 7035-7039, copyright 2009, Angewandte
Chemie International Edition)
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7.2 ± 1.4 nm
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Figure SI 3.1. The histograms of the TEM images of C i 2-AuNP after 270 minutes irradiation in
chloroform.
4.5 5.9 7.4 8.9
S ize  (nm)
Figure SI 3.2. The histograms of the TEM images of C 12-AuNP after 270 minutes irradiation in
dichloromethane.
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Figure SI 3.3. The histograms of the TEM images of C 12-AuNP after 270 minutes irradiation in
tetrachlorocarbon.
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Figure SI 3.4. The histograms of the TEM images of C 12-AuNP after 270 minutes irradiation in
benzene chloride.
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Figure SI 3.5. TEM image of C 12-AuNP after 12 hours irradiation with X> 400 nm in CHCI3.
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Figure SI 3 .7 .1H NMR spectrum of C 12-AuNP after irradiation in chloroform in presence of
pyridine
Figure SI 3.8. The histograms of the TEM images of C 12-AuNP after 270 minutes irradiation in
CDCI3
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Figure SI 3.9. The histograms of the TEM images of C 12-AuNP after 270 minutes irradiation
CD2CI2
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